Abstract: This paper continues to address the overarching goal to provide a more unified understanding of NiTi shape memory alloys intended for use in structural applications by attempting to link standard processing practice and basic materials characterization to the deformation behavior of large diameter bars. Results from cyclic tensile tests performed on large diameter Ni-rich polycrystalline NiTi bars are presented. Coupon specimens taken from deformation processed bars with diameters of 12.7, 19.1, and 31.8 mm are tested along with their respective full-scale specimens. The coupon tests results reveal small and highly variable differences between specimens taken from the different size bars. The full-scale specimen tests continue to show the presence of the R phase, but lack a Lüders-like transformation. A comparison of the results suggests that coupon specimens provide only limited information in terms of the full-scale behavior. Full-scale tests using an earthquake-type loading then show similar behavior to the tensile cyclic tests suggesting the ability to use NiTi in structural applications. Overall, this paper and Tyber et al. 2007 provide a multiscale analysis of NiTi shape memory alloys to be used by both material scientist and civil engineers in the development of applications for NiTi.
Introduction
Recent earthquakes such as the 1989 Loma Prieta earthquake, the 1994 Northridge earthquake, the 1995 Hyogoken-Nanbu ͑Kobe͒ earthquake, and the 2001 Nisqually earthquake resulted in significant damage to the civil engineering infrastructure. In particular, critical building and bridge components experienced large permanent deformations as a result of conventional design techniques, which rely on the inelastic response of beams and columns in buildings and piers in bridges to dissipate energy during a seismic event. As a result of these shortcomings, the structural engineering community has focused on a more performance-based design approach to earthquake mitigation in structures that requires performance guidelines to be met, typically based on interstory drift ͑Hamburger et al. 2003͒ . This approach has led to the development of devices to limit the inelastic behavior of critical structural members based on three primary concepts: energy dissipation ͑damping͒, decoupling of the structure from the foundation ͑base isolation͒, and limiting force transmission to critical load bearing members ͑Van Humbeeck and Liu 2000͒. The ongoing development of both passive and active vibration control devices based on these concepts has led to a recent interest in the use of "smart" or "active" materials ͑Rogers 1995͒. Shape memory alloys are one class of smart materials that have shown significant potential for exploitation as a cost-effective means to control the response of civil engineering structures in both new and retrofit building applications.
Shape memory alloys are capable of undergoing large deformations while recovering their initial shape resulting in a unique hysteretic behavior ͑Duerig et al. 1990; Otsuka and Wayman 1998͒ . Two phenomena, shape memory and pseudoelasticity, typically are associated with shape memory alloys and are a result of a reversible martensitic phase transformation during deformation, unlike typical metals which undergo permanent plastic deformation upon yielding. Shape memory occurs in alloys deformed at temperatures below the austenite finish temperature, A f , requiring the application of heat to recover their shape. When specimens are deformed above A f , only the removal of the load is required to recover the original shape resulting in pseudoelasticity. The pseudoelastic behavior of shape memory alloys provides several benefits in line with the emerging performance-based design paradigm for civil structures. The ability to recover large strains on the order of 8-10% results in automatic recentering capabilities. The hysteretic pseudoelastic behavior provides supplemental damping to a structure reducing inelastic behavior in critical members. Stress plateaus during the phase transformation limit the force transferred to other structural members, concentrating large deformations in the shape memory alloy device. The increased stiffness associated with the formation of stress-induced martensite ensures an ultimate stiffening of the structure for unexpectedly large magnitude earthquakes, further limiting interstory drifts. Also, the excellent low-and high-cycle fatigue properties guarantee that a shape memory alloy device will still be functional after an earthquake, limiting further damage associated with aftershocks. As a result of these benefits, several researchers have explored the use of shape memory alloys in structural applications over the last two decades.
Research into the use of shape memory alloys for structural and seismic applications began in 1991 with an initial study of the behavior of NiTi shape memory alloys for use in seismic isolation due to their ability to provide supplemental damping when subjected to cyclic uniaxial loadings ͑Graesser and Cozzarelli 1991͒. Since then, other research has suggested the use of both NiTi and Cu-based shape memory alloy dampers for civil engineering applications based on studies of the material's cyclic behavior ͑Van Humbeeck and Liu 2000; Hodgson 2002; Tamai and Kitagawa 2002; Casciati and Faravelli 2004; Torra et al. 2004͒ . Recently, a study of the cyclic behavior of large diameter shape memory alloys for seismic applications has addressed the lack of information regarding the ability of large diameter specimens to provide good pseudoelastic properties ͑DesRoches et al. 2004͒ . This is of particular importance as larger diameter specimens may be required for typical structural application given the magnitude of the loads experienced by structural members.
One of the most significant undertakings in regards to exploiting shape memory alloys for applications in structural systems is the Memory Alloys for New Seismic Isolation and Energy Dissipation Devices ͑MANSIDE͒ Project conducted by the European Union. A significant part of the MANSIDE project studied the mechanical behavior of martensite bars and austenite wires ͑Dolce and Cardone 2001͒; developed and tested an SMA-based brace, which can be configured to provide recentering, energy dissipation, or both ͑Dolce et al. 2000͒; and performed shake table tests on a scaled reinforced concrete frame with and without shape memory alloy braces ͑Dolce et al. 2005͒ showing their ability to improve the response of the frame. A number of other analytical ͑Sweeney and Hayes 1995; Baratta and Corbi 2002; Bruno and Valente 2002; Masuda and Noori 2002; Han et al. 2003͒ and experimental ͑Clark et al. 1995; Higashino et al. 1996; Han et al. 2005͒ studies on shape memory alloy dampers, typically implemented as a bracing system in buildings or in bridges, have been conducted. Although dampers are the most popular use for shape memory alloys in structures, a significant amount of research has been performed on the use of shape memory alloys in base isolation systems for buildings ͑Corbi 2003; Renzi et al. 2004͒ and bridges ͑Adachi and Unjoh 1999; Wilde et al. 2000͒ in order to decouple the superstructure from the foundation while also providing energy dissipation and recentering. A second bridge application of shape memory alloys is as restrainers where they are more effective at preventing unseating of bridge decks during an earthquake as compared to conventional steel restrainers ͑DesRoches and One of the key problems hindering the use of shape memory alloy devices in actual structures stems from a lack of effective knowledge transfer between the material science and structural engineering communities. Great strides in understanding the behavior and possible applications of shape memory alloys, particularly NiTi, have been made in both fields as has been shown in both this paper and Tyber et al. 2007 but the inability to connect the research of both sides in a meaningful manner has limited practical, cost-effective implementation of shape memory alloys. Structural engineers typically have trouble deducing the relevant information from material science research which tends to focus on crystallography and mechanics at a microstructural level, whereas researchers in material science are unfamiliar with the specific needs and unique requirements of materials and components for safety controlled building and bridge structures undergoing seismic loadings. Likewise, there is little knowledge of the performance or property optimization of large diameter NiTi shape memory alloys generally required for structural applications. Although some efforts have been made to characterize the microstructure of large diameter specimens, these findings have yet to be related to the macroscopic properties important for civil engineering applications, and key issues such as specimen scaling have not been addressed. A continuous relationship among the processing, microstructure, and macroscopic properties is necessary to optimize the properties of shape memory alloys for use in structures. As a result, there exists a need to fundamentally link the work of both fields so that the behavior of NiTi shape memory alloys can be predicted and obtained for a given application and accurate, but viable, models developed to allow for confident use within the structural engineering community. This paper continues with the overall objective to present a multiscale analysis of NiTi shape memory alloys intended for use in structural engineering applications. This part provides the mechanical behavior of large diameter NiTi shape memory alloy specimens that would be typically used in structural engineering applications. The results herein are presented from both a material science and structural engineering point of view in order to maintain a unified vision between the two fields enabling a more rapid implementation of NiTi shape memory alloys into structural engineering applications. Results from cyclic tests of coupon specimens and full-scale specimens are presented to provide a link between the full-scale deformation response of the NiTi shape memory alloys and the underlying structure presented in Tyber et al. 2007 . Further full-scale uniaxial mechanical tests are then used to identify the behavior of the NiTi shape memory alloys under loadings typical of an earthquake providing the final connection between the two fields. In closing the Introduction, the goal of this paper is not to study the effect of varying all of the possible microstructural features discussed in Tyber et al. 2007 . Rather, the results in this paper are discussed in light of the fundamental microstructural information provided in Tyber et al. 2007 . Future researchers and designers should be able to use this paper and Tyber et al. 2007 as a strong base to understand and consider both microstructural and structural aspects of NiTi and thus design fundamental studies to optimize material properties and structural performance for their particular engineering system.
Materials and Methods
Three sets of NiTi shape memory alloy bars are used in this study. In order to prevent any influence from composition differences, all of the NiTi bars are obtained from the same stock provided by a commercial supplier with a Ni-rich composition of at. % Ni ͑Ti-55.95wt % Ni͒. Final hot rolling by varying degrees was used to produce bars of three different diameters. The manufacturing process consisted of first casting the NiTi in a steel mold followed by vacuum induction melting and vacuum arc remelting in a graphite crucible resulting in 35.6 cm diameter cast ingots. The ingots were then hot forged at 935°C down to a 16.8 cm rough-cut-size slab which underwent further hot rolling at 935°C to produce a 50.8 mm rough-cut-size slab. The final bar diameters of 31.8, 19.1, and 12.7 mm were then obtained through precision hot rolling at 935°C. The bars were left oversized by approximately 1 mm to allow for final grinding to remove surface material. After the final hot rolling, the bars were straightened at 600°C, coarse centerless ground, restraightened, and then subjected to a final centerless grind. All of the specimens used in studying the mechanical behavior of the NiTi bars underwent a standard pseudoelastic "industry anneal" provided by the manufacturer consisting of a heat treatment of 350°C for 0.5 h followed by cooling in air. After machining each specimen to its proper dimensions for testing, a second heat treatment of 300°C for 1.5 h and immediate water quenching was performed to ensure good pseudoelastic properties at room temperature and good high-cycle fatigue resistance necessary for seismic applications as suggested in Tyber et al. 2007 . This two-part heat treatment resulted in transformation temperatures equivalent to specimens undergoing a single heat treatment between 325 and 350°C for 1.5 h and immediately water quenched, but with hardness values, in general, slightly greater than specimens undergoing only this single heat treatment at these temperatures.
Cyclic tensile tests were performed on two distinct sets of virgin specimen: ͑1͒ small coupon specimens and ͑2͒ full-scale specimens. Coupon specimens having an overall length of 63.5 mm and a thickness of approximately 1 mm were extracted from each size bar by electrodischarge machining and are presented in Fig. 1 along with the full-scale specimens. A tensile loading protocol consisting of 20 cycles to 6% strain ͑cyclic test͒ was applied using a 250 kN hydraulic uniaxial testing apparatus fitted with hydraulic wedge grips. The actuator was set to run at a constant rate of 10 −3 mm/ mm using a digital controller with the feedback from a 3 mm gauge length extensometer triggering the maximum and end point of each loading cycle and providing the strain measurements. The second set of specimens tested consisted of the full-scale bars ͑31.8, 19.1, and 12.7 mm͒ which are tapered to diameters of 25.4, 12.7, and 6.35 mm at their gauge using conventional machining techniques in order to prevent the formation of stress concentrations at the grips. These specimens are also presented in Fig. 1 . These reduced diameter specimens will be referred to using their initial diameters throughout the remainder of this study to allow for an easier comparison with the results from the coupon tests and those presented earlier. The previously mentioned 250 kN hydraulic testing apparatus was used to apply the same loading protocol and loading rate used for the coupon tests to the 19.1 and 12.7 mm full-scale specimens. By using the same testing apparatus, load cell, and loading protocol, a good comparison of the results could be made and biasing of results associated with different testing apparatus was eliminated. A 25.4 mm gauge length extensometer provided both the strain measurements and strain feedback to the digital controller for the full-scale tests. The surface temperature of the full-scale bars was monitored throughout the cyclic loading using a noncontact pyrometer. The results show no overall increase in the surface temperature of the large diameter bars when cycled at this rate with the only changes in temperature being associated with the exothermic/endothermic phase transformation. For this reason, temperature effects are not considered in the remainder of the paper.
A second set of tensile tests ͑earthquake tests͒ were performed on all three sizes of full-scale bars using a loading protocol consisting of a 0.5% strain cycle, 1-5% strain cycles by increments of 1%, followed by six cycles to 6% strain running at 0.025 Hz to represent the unequal loading cycles associated with a typical earthquake motion. Although the loading speed is lower than that of a typical earthquake, this effect is not a subject of this study as loading rates effects have been explored previously ͑DesRoches et al. 2004͒. The 19.1 and 12.7 mm full-scale specimens were tested using the same setup used for the cyclic tests. Because of the loads required to test the 31.8 mm specimens, a 2.7 MN uniaxial hydraulic testing frame was used to apply the loading protocol in strain control based on the feedback from a 101.6 mm gauge extensometer. The ends of the 31.8 mm diameter specimens were threaded in order to facilitate gripping and limit slip during loading.
The cyclic loading and earthquake loading protocols provide key information for structural engineers in regards to the cyclic properties of pseudoelastic NiTi. The cyclic tests reveal information in regards to the degradation of specific properties with continued cycling whereas the earthquake tests show how the behavior changes when undergoing nonuniform tensile cycles. Fig. 2 points out the key properties which are important for the introduction of NiTi into structural applications: forward transformation stress, L ; reverse transformation stress, UL ; initial elastic modulus, E i ; residual strain, R ; and the equivalent viscous damping, eq . The forward transformation stress refers to the stress at which the martensitic phase transformation initiates. Structural engineers use this value to determine the load at which NiTi undergoes a significant stiffness change and gain an idea of the expected restoring force obtained from a NiTi element. Past stud- ies of NiTi in the structural engineering community have defined the forward transformation stress as the stress along the loading curve at 2% strain from the initial strain at the start of the cycle ͑DesRoches et al. 2004͒. The reverse transformation stress provides the stress at which the reverse martensitic transformation occurs and gives the structural engineer an idea of the size of the hysteresis loop which is important in the modeling of their cyclic behavior. Since the stiffness of a structure affects the magnitude of the acceleration imposed on it during an earthquake, the initial elastic modulus provides significant information in determining the expected behavior of a structure during a seismic event and is of particular importance in designing seismic protection systems. It is obtained from the slope of the initial elastic portion of the stress-strain curve after the R-phase plateau. The residual strain provides a measure of the recentering capability provided by a NiTi element and refers to the plastic deformation due to the accumulation of permanent inelastic strain during cycling. Finally, the equivalent viscous damping is a measure of supplemental damping provided by the hysteretic behavior of NiTi and provides a means of comparing the energy dissipation capacity of NiTi elements to other passive energy dissipation systems. The equivalent viscous damping is calculated by dividing the energy dissipated per cycle by 4 multiplied by the maximum strain energy calculated for that same cycle ͑Chopra 2001͒.
Coupon Tests: Cyclic Mechanical Behavior
Using coupon specimens extracted from full-scale bars is one of the most common means by which material scientists study the mechanical properties of NiTi. The test coupon procedure limits the cost of testing programs and also allows use of standard load frames with reasonable load limits. By taking coupon specimens along different points across the diameter of the full-scale bar, the effects of different grain size, grain orientation, and precipitate density, which can be a function of location, on the pseudoelastic properties of NiTi can be more clearly identified. Smaller grain sizes tend to lead to an increased strength due to the propensity of dislocation pileup attributed to the reduced distance between grain boundaries. Different grain orientations cause a larger influence on the properties with respect to loading direction ͑Gall and Sehitoglu 1999; Gall et al. 2001͒ . In particular, the results in Tyber et al. 2007 demonstrated that texture varied spatially throughout the bar and it is critical to determine if this variation influences the mechanical properties. At specific sizes, precipitates assist both the martensitic transformation and hinder dislocation motion improving the shape recovery capability of the NiTi. Coupon specimen tests can thus provide a bridge between the basic material characterization presented in Tyber et al. 2007 and the mechanical behavior of full-scale specimens. As a result, coupon specimens obtained from both the center and edge of each of the three diameter full-scale bars are tested under tensile cyclic loading. Fig. 3 contains a matrix of the tensile stress-strain plots for the six different coupon specimens tested. The stress-strain curves form a clear forward and reverse transformation plateau and show shape recovery resulting in the typical pseudoelastic hysteresis. For all specimens, a short plateau occurs during the first cycle at a stress level between 25 and 50 MPa which can be attributed to the R-phase transformation. This is consistent with the DSC results which show the onset of a two-stage transformation, R Ͻ −A then M Ͻ −R, which is attributed to the precipitates formed during aging. The effects of the R phase disappear after the first cycle. A Lüders-like transformation, distinguished by the sudden drop in stress level with increased strain, is observed for all samples, regardless of bar diameter or location, during the early cycles at the onset of the forward transformation plateau. The Lüders transformation is attributed to the martensitic transformation initiating and moving as a front along the length of the specimen ͑Miyazaki et al. 1981͒. The loss of the Lüders-like transformation with continued cycling results from a buildup of dislocations which prevents a return to the austenitic phase in some areas and allows for a more random phase transformation over the length of the bar. Since the effect of the R-phase and Lüders-like transformation only occurs during early cycling, there is minimal concern with respect to structural and earthquake applications as early cycles tend to be relatively small. Some more general observations of the stress-strain curves are that they all show an accumulation of residual strain with increased cycling and a decrease in the forward transformation plateau. It should be noted that the backwards ratcheting of the stress-strain curves shown in Figs. 3͑d͒ and 3͑f͒ occurred in several of the specimens ͑not shown͒ for the present test setup. The results suggest that it is an artifact of the test setup itself and may be a result of some slip with the extensometer, although the origin of this effect is not certain.
The effect of location can be determined by comparing the stress-strain curves for the coupon specimens taken at the center and edge of each size full-scale bar. The center specimens have a slightly higher initial elastic modulus ͑on average 35.5, 24.0, and 29.2 GPa͒ compared to the edge specimens with differences in their average initial elastic modulus of 2.9 GPa ͑8.9%͒, 1.9 GPa ͑8.6%͒, and 2.8 GPa ͑10.6%͒ for the 31.75, 19.1, and 12.7 mm specimens, respectively. The decrease in the forward transformation stress between the first and last cycle is greater for the edge specimens compared to the center specimens, but not to a significant degree. The equivalent viscous damping values and strain recovery appear to be unaffected by the coupon location. Based on the results in Fig. 3 , we conclude that the slight texture variation throughout the bars is not significant enough to influence cyclic degradation properties, in light of typical variations seen in NiTi cyclic stress-strain properties.
Because of the need to obtain a specified strength and stiffness when using NiTi for seismic applications in structures, a wide variety of sizes may be required depending on the particular application ͑brace, base isolator, bridge restrainer͒ and the type of structure. In order to tests bars of these sizes, large capacity testing apparatus are necessary. By being able to connect the me- The stress-strain results for the coupon specimens taken from the center of the three different diameter full-size bars, Figs. 3͑a, c, and e͒, show a decrease in the first cycle forward transformation stress with a decrease in bar size from 393 MPa for the 31.75 mm specimen to 353 MPa for the 12.7 mm specimen. The edge specimens provide a similar trend. Based on the results from Tyber et al. 2007 , the decrease in the forward transformation stress coincides with an increase in the ͗110͘ texture component suggesting that the initial transformation stress is sensitive to this additional texture component. The effect of the grain texture and presence of precipitates dominates any potential effect of grain size as demonstrated in hardness measurements in Tyber et al. 2007 , which were sensitive to heat treatment but not bar diameter. The degradation of the forward transformation stress with continued cycling appears to be consistently greater for the larger diameter specimen as shown by the difference in the forward transformation stress between the first and last cycle for 31.75 mm specimen, 118 MPa, and the 12.7 mm specimen, 48 MPa. The residual strain values decrease for the first cycle from 0.67 to 0.57 to 0.30% for the coupons taken from the center of the 31.75, 19.1, and 12.7 mm bars, respectively. This slight trend becomes less apparent with increased cycling as previously mentioned. As with the forward transformation stress, these results suggest a possible connection with the grain orientation and the possible presence of a higher density of precipitates in the small diameter bars assisting the strain recovery. The rate at which the residual strain accumulates does decrease with continued cycling in all specimens. For a typical recentering device used for seismic applications, the residual strain results from the coupon tests are good, providing between a 57 and 69% recovery even when cycled 20 times to 6% strain, which is a larger number of high strain cycles than would typically be encountered during an earthquake.
For all specimens, the equivalent viscous damping decreased significantly as a result of continued cycling. This can be attributed to the decrease in the forward transformation stress and small increase in the reverse transformation stress resulting in a pinching of the hysteresis as the number of cycles increased. The overall decrease in the equivalent viscous damping between the first and last cycle is 68, 50, and 42% for the center coupon specimens from the 31.75, 19.1, and 12.7 mm bars, respectively. The equivalent viscous damping values for the first cycle showed no true bar size effect with damping values for the coupons from the large bar to the small bar being 7.11, 5.86, and 6.44%. The increase in the equivalent viscous damping for the smaller diameter bar is attributed to a lower initial reverse transformation for the coupon specimens taken from the smaller diameter bar. For typical damping applications requiring equivalent viscous damping values above 15%, the equivalent viscous damping for pseudoelastic NiTi remains low, even during the first cycle, suggesting larger hysteresis loops are necessary in order to use NiTi solely as a damping material.
Full-Scale Tests: Cyclic Mechanical Behavior
A large majority of the past studies on the pseudoelastic behavior of NiTi have focused on small diameter wires or thin plates similar to the coupon specimen results presented here. Typical applications of NiTi in civil structures require larger diameter specimens because of the magnitudes of the loads, particularly those associated with a seismic event, along with ease of implementation. For this reason, the ability to use thermomechanical and deformation processing of large diameter bars to optimize their properties for structural applications in conjunction with the results from Tyber et al. 2007 is considered. In order to do this, the full-scale 19.1 and 12.7 mm bars are tested under the same cyclic tensile loading as the coupon specimens to determine the mechanical behavior of the full-scale specimens. Fig. 4 provides representative stress-strain results for the fullscale cyclic tensile tests performed on the 19.1 and 12.7 mm diameter specimens. At least two tests are run on virgin specimens for each bar size. Both size specimens show good pseudoelastic behavior with a clear hysteresis and good shape recovery. Although the stress-strain plots only represent one of each of the different size bars tested, the properties are found to be repeatable across the replicate tests. This consistency suggests that similar properties can be obtained with large diameter specimens for structural applications provided that they have the same composition and processing. The R-phase plateau appears in the first cycle for both size specimens. However, for the smaller diameter specimen, the R phase is less apparent and occurs at a lower stress level as compared to the 19.1 mm specimen. The R phase is consistent with the DSC results discussed in Tyber et al. 2007 which suggests the occurrence of a two-stage phase transformation. During the initial loading cycles, no Lüders-like deformation is observed along the loading curve upon reaching the forward transformation stress suggesting that the phase transformation occurs in a random manner along the gauge length of the full-scale bar. The completion of the phase transformation and subsequent hardening due to the deformation of the stress-induced martensite is apparent in both stress-strain curves at approximately 5% strain.
The forward transformation stress is of particular importance for structural applications because of the significant change in stiffness that occurs at the onset of the transformation. On average, the forward transformation stresses for the first cycle are 444 and 421 MPa for the 19.1 and 12.7 mm diameter bars, respectively. The forward transformation stresses decrease by approximately 43 and 39% as a result of the 20 tensile strain cycles for the two size specimens. This degradation in the forward transformation stress can be attributed to the formation of permanent slip which tends to assist the transformation process. The proximity of the forward transformation stress values for both size bars throughout the cycling suggest that there is no discernible bar size effect on this property and that the forward transformation stress can thus be modified at the manufacturing level through composition or at the processing level through heat treatment ͑Tyber et al. 2007͒ without concern for the final specimen size.
Past cyclic tensile studies completed on large diameter bars have shown good strain recovery properties, but have not been able to distinguish any bar size effects from composition effects or microstructure effects ͑DesRoches et al. 2004͒ . As a result, the use of NiTi in recentering devices has been limited due to the unpredictability of their recentering properties in different forms. Fig. 4 shows good deformation recovery for both size bars with the residual strain for the first cycle being 0.23 and 0.19% for the 19.1 and 12.7 mm bars, respectively. The residual strain values increased to 0.88 and 0.75% for the last cycle. Throughout the cycling, the 19.1 mm specimen accumulated slightly higher inelastic strain values as compared to the 12.7 mm diameter specimen suggesting a slight bar size effect where a decrease in bar size also leads to an increase in the recentering capability. It should be noted that even for the larger diameter bar, over 85% of the deformation is recovered during the last cycle. Although an increase in bar size leads to a decrease in the recentering capability, this decrease is not large enough to limit the use of larger diameter specimens in structural recentering applications.
The stress-strain results do provide evidence that the bar size ͑amount of deformation processing͒ affects the damping capacity of full-scale NiTi bars. The equivalent viscous damping values associated with the first and last strain cycle for 19.1 mm diameter bars are 2.8 and 1.9%. The 12.7 mm diameter specimen provides higher damping capacity with equivalent viscous damping values of 3.6 and 2.4% for the first and last strain cycle. However, the equivalent viscous damping value decreases by approximately the same percentage, 33%, for both bar diameters over the 20 cycles. As no apparent bar size effects are shown for the forward transformation stress and both bars reach similar maximum stress values, the change in the equivalent viscous damping with bar size must be attributed to the reverse transformation stress. Fig. 4 clearly shows a higher reverse transformation stress for the 19.1 mm specimen resulting in a pinching of the hysteretic area to a greater extent as compared to the 12.7 mm specimen. Once again, it should be pointed out that the low equivalent viscous damping values infer that pseudoelastic NiTi cannot provide enough damping to be used solely for damping applications in civil structural systems.
Cyclic Behavior Comparison: Coupon versus Full-Scale
Until now, no comparison between the performance of coupon specimens and full-scale specimens has been undertaken. The mechanical behavior of the coupon specimens taken from the 19.1 and 12.7 mm NiTi bars and the full-scale specimens of the same size is compared in order to link the work typically performed in the material science field with the needs of structural engineers developing innovative shape memory alloy devices. Only the center coupon specimens are used for this comparison as the edge of the full-scale bar is removed in the tapering process to prevent the formation of stress concentrations during testing as can be seen in Fig. 1 . The most significant differences observed are between the coupon and full-scale tests, compared to more subtle differences attributed to bar size observed within groups of coupon or fullscale tests.
In Figs. 5 and 6, the stress-strain plots for the first, fifth, tenth, fifteenth, and twentieth cycles are shown for both the coupon tests and full-scale tests of the 19.1 and 12.7 mm bar, respectively. In general, both the coupon specimens and the full-scale specimens show good pseudoelastic behavior as previously discussed, but the first cycle hysteresis loops of the full-scale specimens are shifted upward. This trend becomes less apparent in the later cycles due to the decrease in the forward transformation stress with continued cycling. The greater variation in grain orientation across the cross section of the full-scale bars, as suggested in Tyber et al. 2007 , may contribute to this occurrence with the effects being minimized with continued cycling as dislocations build up more uniformly throughout the cross section. Conversely, the R phase is present in both samples during this first cycle and occurs at similar stress levels. The Lüders-like transformation is present in the martensitic phase transformation of the first five cycles of the coupon specimens, but is not seen for the full-scale tests in both Figs. 5 and 6. These results suggest specimen geometry dependence for the occurrence of a Lüders-like transformation as the martensitic phase transformation for all of the coupon specimens is Lüders-like, regardless of location. The slope of the forward and reverse transformation plateaus increases when the bars are tested at full-scale further suggesting that phase transformation is occurring sporadically along the gauge section of the bar as pockets reach the required stress level rather than as a band moving along the length of the bar. Although the use of a larger gauge section in the full-scale testing may also contribute to the smearing out of the Lüders-like transformation behavior, it is, in either case, related to the volume of material being tested. As the volume of material increases, the sample shows more hardening and a departure from the unstable Lüders-like transformation behavior. This finding is absolutely critical when comparing the behavior of small volume specimens of NiTi material to materials with a relatively large volume for structural applications. Another critical finding is the repeatability of the full-scale test results as compared to the randomness of the coupon tests results when replicated. The increased unpredictability of the coupon specimens is a direct artifact of the microstructural heterogeneity in the samples, and the smaller volume of material being sampled with the coupon tests. Fig. 7 shows the initial elastic modulus, forward transformation stress, residual strain, and equivalent viscous damping as a Fig. 6 . Cyclic tensile stress-strain plots for the first, fifth, tenth, fifteenth, and twentieth cycles for both ͑a͒ the coupon tests; ͑b͒ the full-scale test of the 12.7 mm bar Fig. 7 . Full-scale and coupon test cyclic results for the 19.1 and 12.7 mm bars with respect to ͑a͒ initial elastic modulus; ͑b͒ forward transformation stress; ͑c͒ residual strain; and ͑d͒ equivalent viscous damping function of cycle number for the center coupon specimens and full-scale specimens. In all cases, there is a significant difference in the values associated with the center coupon specimens and full-scale specimens. The initial elastic modulus remains roughly constant during the cycling of the center coupon specimen, while both the 19.1 and 12.7 mm full-scale bars show an increase in the initial elastic modulus suggesting hardening with continued cycling. The full-scale bars have a higher overall initial elastic modulus with the difference between the coupon specimen and full-scale specimen being greatest for the 19.1 mm specimens. This difference for the 19.1 mm specimens is approximately 2.8 GPa ͑1.7%͒ and 19.1 GPa ͑45.0%͒ for the first and last cycles, respectively. In general, the initial elastic modulus for the first cycle can be predicted accurately from the coupon tests, but the effects of continued cycling result in an increase in the initial elastic modulus which is not predicted by the coupon tests and occurs to a greater extent in larger full-scale bars.
The forward transformation stress for both the coupon specimens and the full-scale specimens decreases with increased cycling as seen in Fig. 7͑b͒ . Although they both decrease, the coupon tests underestimate the forward transformation stress for the first cycle by approximately 71 MPa ͑16.0%͒ and 68 MPa ͑16.2%͒ and overestimate the forward transformation stress for the last cycle by approximately 66 MPa ͑26.3%͒ and 48 MPa ͑18.8%͒. In addition, the rate of decrease and functional form for the decrease in the critical transformation stress with cycling differs for the coupon and full-scale tests. These differences are not microstructural per se, because the same material is used for both tests. The difference is a pure scaling phenomenon, where the large bars sample a larger volume of material than the small samples, and thus represent a more homogenized response. The differences in the critical transformation stress as a function of cycling can be attributed to the high initial forward transformation seen for the full-scale bars, which is associated with the larger variation of material structure through the cross section. Given the same type of test sample, the coupon and the full-scale tests show no "bar size effects" and thus no effects from increased deformation processing ͑although there is a sample size effect as previously discussed͒. The rate at which the forward transformation stress drops with increased cycling decreases for both the coupon and full-scale specimens. This suggests that prior mechanical training can be used to build up dislocations and achieve more consistent values, which is particularly important for applications in civil structures. Fig. 7͑c͒ provides the comparison of the residual strain for both the coupon specimens and full-scale specimens with respect to cycle number and bar size. It is evident that the coupon specimens accumulate a significantly larger amount of permanent deformation as compared to the full-scale specimens. The differences in the residual strain values between the coupon specimens and the full-scale specimens are approximately 0.94 and 1.2% strain for both the 19.1 and 12.7 mm diameter bars. The major difference, again, occurs as a function of sample size rather than bar size. The coupon samples show dramatically different accumulation of residual strain compared to the full scale bars, which is not completely surprising given the microstructural differences shown in Tyber et al. 2007 and the vast difference in stress-strain curves shown herein. In general, the coupon tests overestimate the amount of permanent deformation to be expected in full-scale specimens and the residual strain is only moderately sensitive to increased deformation processing.
Both the coupon specimens and the full-scale specimens provide decreased damping with increased cycling as can be seen in Fig. 7͑d͒ . Also for both types of tests, the 12.7 mm diameter bar specimens acquire higher equivalent viscous damping values as a result of a lower reverse transformation stress. However, the equivalent viscous damping values obtained from the coupon specimen tests are significantly higher than those found by testing the full-scale bars, particularly during the initial cycles. Comparing the stress-strain curves in Figs. 5 and 6, it is obvious that the hysteresis is smaller for the full-scale specimen as a result of a higher reverse transformation stress. Based on the structure of NiTi, it is possible to increase viscous damping by increasing precipitates size ͑reducing hardness͒. However, this will likely increase accumulation of permanent strain. A tradeoff exits between these two variables in structural design, and thus the material must be optimized by heat treatment to obtain the desired values.
Besides those factors which have been presented accounting for the difference in the properties of coupon specimens and fullscale specimens, residual stress may also play a role. The large amount of deformation processing needed to reduce the bar sizes results in a build up of residual stress along the surface of the full-scale bars which can effect the overall behavior of the specimen. This is evident due to the bending of the edges of the fullscale bar from which the coupon specimens are removed. As the coupon specimens are removed from the full-scale specimens, their behavior is not influenced by these residual stresses.
Effect of Earthquake Loading
The majority of applications for NiTi in civil structures are focused on mitigating the response of structures during an earthquake. These applications take advantage of the pseudoelastic behavior of NiTi to control force transmission to essential structural members, provide recentering capabilities, and increase damping capacity. Given this fact, it is necessary to determine whether a typical earthquake loading with nonuniform cycles affects the pseudoelastic properties of full-scale bar specimens. In order to do this, a number of 31.75, 19.1, and 12.7 mm diameter full-scale bars are tested using the earthquake loading protocol previously mentioned.
A representative stress-strain curve for each size bar is shown in Fig. 8 . It should be noted that the 31.75 mm diameter bar is only cycled to 5% strain due to failure of the specimen as a result of stress concentrations and surface defects introduced during the threading process. All of the stress-strain curves show similar behavior to that seen during the cyclic full-scale tests. The R phase is present in both the 12.7 and 19.1 mm specimens, but is absent from the 31.75 mm specimen. This is similar to the stressstrain plot of the coupon specimen taken from the center of the 31.75 mm specimen in which the R-phase transformation is only slightly discernible, Fig. 3͑a͒ . The initial elastic modulus remains essentially constant through the 5% strain cycle and then follows a similar trend for the 19.1 and 12.7 mm bars to that seen in the full-scale cyclic tests during the 6% strain cycles. Once again, the apparent elastic modulus increases with an increasing number of 6% strain cycles with the 19.1 mm diameter bar starting with a lower value, but increasing at a faster rate. The forward transformation stress showed no direct bar size effects and no effects from the initial small cycles. The largest drops in the forward transformation stress occurred as a result of the 6% strain cycles with a difference of only approximately 14 MPa ͑4.3%͒ between the forward transformation stress for the 19.1 and 12.7 mm bars for the last 6% strain cycle. The forward transformation stress values are consistent with those found during the full-scale cyclic test. Residual strain values showed only limited increase until the 5% strain cycle at which point the accumulation of permanent deformation in the 31.75 mm diameter bar increased at a more rapid rate suggesting that the initial small cycles attributed to a far-field earthquake have no effect on the overall recentering performance of NiTi. The earthquake results also confirm the trend that increased deformation processing leads to slightly lower residual strains. Since equivalent viscous damping is a function of the hysteresis size, it increases with increasing strain level until the constant 6% strain cycles at which point a decrease in the equivalent viscous damping occurred with continued cycling similar to that observed during the cyclic full-scale tests. Also in Fig. 8 , the reverse transformation stress is observed to decrease with a decrease in bar size resulting in a larger equivalent viscous damping value for the 12.7 mm bar as compared to the 19.1 mm diameter bar. In general, the nonuniform strain cycles have no detrimental effects on the cyclic properties of the NiTi with all cyclic property values remaining in the ranges obtained during the full-scale cyclic tests.
Conclusions
The objective of this paper is to present the cyclic mechanical properties of NiTi shape memory alloys intended for use in structural engineering applications through multiscale cyclic tensile tests on both coupon and full-scale specimens. These results provide the second half of the hierarchical link between the basic materials characterization and the properties of large diameter full-scale specimens. Some of the key conclusions resulting from the work are summarized in the following. All conclusions pertain to hot-rolled, Ti-50.9at. % Ni bars heat treated under the specified industry anneal plus 1.5 h at 300°C. 1. Coupon specimens obtained from different locations across the cross section of large diameter bars provided only limited information in terms of the full-scale cyclic properties due to the relatively small volume of material sampled in the highly heterogeneous cross section. 2. The Lüders-like transformation only occurs in the coupon specimens ͑extracted from the same base material͒ suggesting a strong specimen geometry dependence. 3. The forward transformation stress is independent of bar size, but decreases from over 400 to approximately 250 MPa with continued cycling. The lack of bar size effects confirm that precipitates have a larger influence on the strength of hotrolled NiTi as compared to grain size. 4. The recentering capability increased with a decrease in bar size suggesting increased deformation processing leads to a decrease in the accumulation of permanent inelastic strain. Residual strains remained below 0.9% even after twenty 6% strain cycles. 5. Equivalent viscous damping values increased with a decrease in bar size as a result of an increase in the reverse transformation stress in the smaller diameter specimens. In general, equivalent viscous damping values for the pseudoelastic NiTi remained too low, below 7%, to be used in purely damping structural applications. 6. Typical earthquake loadings result in no significant change in the cyclic properties compared to cyclic tensile tests run at similar rates on full-scale specimens. 7. Full-scale large diameter hot rolled NiTi specimens showed good pseudoelastic properties, particularly those required for use in structural engineering applications providing a more cost effective alternative to cold drawn bars previously deemed necessary to obtain good pseudoelastic behavior.
